Introduction
============

Lumbar spinal stenosis (LSS), the most common spinal disorder in elderly people, causes lower back pain and walking disability with intermittent claudication^[@B1],[@B2])^. Yet, recent guidelines describe LSS as syndromic, and its etiology is still unclear, although it can be classified into distinct diseases (Diagnosis and treatment of degenerative lumbar spinal stenosis in Evidence-based clinical guidelines for multidisciplinary spine care by the North American Spine Society, 2011; Clinical practice guideline on the diagnosis and treatment of lumbar spinal stenosis by the Japanese Orthopaedic Association, 2011). Although multiple factors have been suggested to be involved in the development of LSS, hypertrophy of the ligamentum flavum (LF), which connects the vertebra and covers the dorsal walls of the spinal canals, narrows the spinal canal space consequently impinging the nerves, and this has been considered as a cause of LSS. The pathology of degenerative hypertrophy is characterized by loss of elastic fibers and the appearance of a focal disorganized collagenous matrix, which is often associated with chondrometaplasia^[@B3],[@B4])^. Although several cytokines such as TGFβ, CTGF, FGF2, and Angptl2 have been identified to be involved in LF hypertrophy, the molecular mechanism underlying the hypertrophy still remains largely unknown^[@B3],[@B5]-[@B9])^.

MicroRNAs (miRNAs) are short non-coding RNAs that predominantly bind to the coding or 3\'-untranslated region of the target mRNA to inhibit translation by promoting the degradation and/or blocking of the translational complex of the target mRNA, thereby playing important roles as post-transcriptional regulators^[@B10],[@B11])^. MiRNAs potentially regulate multiple mRNA targets and have been reported to be involved in various physiological and pathological conditions^[@B10])^. Interestingly, the products of multiple targets often belong to the molecules of specific signaling pathways^[@B11])^. Therefore, pathway analysis of the miRNA transcriptome has been applied to elucidate the pathways playing important roles in various biological and pathogenic situations^[@B12])^.

It has been recently reported that there is a difference in the clinical outcome between cases of ligamentous and non-ligamentous stenosis based on a novel classification criterion according to the measurement of magnetic resonance imaging (MRI) T2 axial images of the lumbar spine^[@B13])^. The classification adopts information from clinical evaluations and the morphometric analysis of MRI images, especially the ratio of the cross sectional area (CSA) of the LF to that of the spinal canal space (denoted as the LSAR hereafter). Notably, ligamentous stenosis in patients with LSS showed better outcomes from conservative treatment^[@B13])^. Thus, classification by the area ratio, rather than the un-normalized actual thickness measurements, may also be applied to evaluate the potentially pathogenic hypertrophy of the LF in LSS.

To elucidate the molecular pathways involved in LF hypertrophy, we conducted profiling of the miRNAs expressed in the LF from patients that were sorted according to this new morphometric-based classification.

Materials and Methods
=====================

Subjects
--------

LF specimens were surgically obtained from 20 patients with LSS or lumbar disc herniation (LDH) between 2010 and 2013. Diagnosis was made by two spinal surgeons (Y.S. and A.H). Classification of non-ligamentous and ligamentous stenosis was done as described by Sakai *et al*.^[@B13])^, adopting LSAR from measurements of MRI T2-weighted images. This classification can define hypertrophy of the LF, which is a main cause of stenosis and the resulting clinical symptoms. The LF samples from the most severely stenosed parts of the patients with ligamentous LSS (n=10) were taken as hypertrophied LF samples, and those obtained during the spinal surgery of the patients with non-ligamentous LSS (n=7) and LDH (n=3) were taken as non-hypertrophied controls. This comparison allowed us to focus specifically on extraction of the pathways involved in LF hypertrophy rather than simplify classifying these pathways for LSS generally. LF samples were obtained from the most severely stenosed joints in patients with LSS or from the surgical joints in patients with LDH. The subjects\' age, gender, and LSAR at the joint where the LF was analyzed are listed in [Table 1](#t001){ref-type="table"} and are summarized in [Table 2](#t002){ref-type="table"}. There is no statistical difference in the mean ages between ligamentous and non-ligamentous groups (75.70±4.83 and 70.70±10.98, respectively). All of the LF specimens and clinical information from the patients were obtained after receiving informed consent. The study was approved by the Institutional Review Board of the ethics and conflicts of interest committee.

###### 

Sample Information.

  ----------------------------------------------------------------------
  Sample\   Age   Sex      Diagnosis                Level\*   LSAR\*\*
  ID                                                          
  --------- ----- -------- ------------------------ --------- ----------
  L1        74    Female   Lumbar spinal stenosis   L4-5      0.67

  L2        72    Female   Lumbar spinal stenosis   L4-5      0.49

  L3        80    Male     Lumbar spinal stenosis   L4-5      0.49

  L4        70    Male     Lumbar spinal stenosis   L4-5      0.53

  L5        79    Female   Lumbar spinal stenosis   L3-4      0.59

  L6        79    Female   Lumbar spinal stenosis   L4-5      0.80

  L7        67    Male     Lumbar spinal stenosis   L3-4      0.87

  L8        82    Male     Lumbar spinal stenosis   L3-4      0.74

  L9        78    Male     Lumbar spinal stenosis   L4-5      0.89

  L10       76    Male     Lumbar spinal stenosis   L5-S1     0.55

  N1        73    Male     Lumbar spinal stenosis   L3-4      0.30

  N2        91    Female   Lumbar spinal stenosis   L4-5      0.38

  N3        74    Male     Lumbar spinal stenosis   L4-5      0.33

  N4        64    Female   Lumbar disc herniation   L4-5      0.15

  N5        57    Female   Lumbar disc herniation   L2-3      0.27

  N6        63    Male     Lumbar disc herniation   L3-4      0.34

  N7        87    Female   Lumbar spinal stenosis   L2-3      0.36

  N8        62    Female   Lumbar spinal stenosis   L4-5      0.23

  N9        66    Male     Lumbar spinal stenosis   L4-5      0.32

  N10       70    Male     Lumbar spinal stenosis   L4-5      0.33
  ----------------------------------------------------------------------

\*The levels of the spinal joints where ligamentum flavum (LF) samples were obtained.

\*\*The ratio of cross sectional area of LF to that of spinal canal in the joint where LF samples were obtained.

###### 

Sample Summary.

                                Control (non-ligamentous)    Ligamentous                   p value
  ----------------------------- ---------------------------- ----------------------------- -----------
  Case (n)                      10                           10                            
  Diagnosis\*                   Lumbar spinal stenosis (7)   Lumbar spinal stenosis (10)   
                                Lumbar disc herniation (3)                                 
  Age (yrs) \[range\]           70.70±10.98\[57-91\]         75.70±4.83\[67-82\]           0.211
  Sex (M:F)                     5:5                          6:4                           0.653\*\*
  CSA of LF (mm^2^)             60.26±16.71                  121.90±31.91                  0.000102
  CSA of spinal canal (mm^2^)   200.04±28.26                 188.22±42.66                  0.479
  LSAR\*\*\*                    0.301±0.068                  0.662±0.154                   0.0000171

\*Parentheses, number of cases

\*\*Fisher's exact test

\*\*\* Ligamentum flavum/spinal canal area ratio

Data are expressed as mean±SD.

Tissue and RNA preparation
--------------------------

All specimens were immediately washed with ice-cold phosphate-buffered saline after surgical removal, stored in a liquid nitrogen tank, and then kept at -80°C until the experiments were performed. The tissue samples included full layers of LF. Each frozen LF tissue (100-300 mg) in a 13-mL master aluminum case with 15-mm stainless beads was homogenized using Shake Master NEO (Bio Medical Sciences, Tokyo, Japan) at 1,500 rpm for 2 min under liquid nitrogen twice. The total RNA, including miRNA of the LF homogenates, was isolated using a miRNeasy kit (QIAGEN, Hilden, Germany), according to the manufacturer\'s instructions. The total RNA was treated with RNase-free DNase (QIAGEN) to eliminate possible contamination with genomic DNA. The total RNA was eluted in 200 μL of nuclease-free water from four silica columns, concentrated to 25 μL using RNeasy MinElute Cleanup Kit (QIAGEN), and stored at -80°C for further analysis. The quality of total RNA was checked using an Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

miRNA array
-----------

One hundred nanograms of the isolated RNA from each sample was labeled using miRNA Complete Labelling and Hyb Kit (Agilent Technologies) according to the manufacturer\'s protocols. The labeled RNA was hybridized to SurePrint G3 Human miRNA Microarray (2,588 miRBase mature miRNAs, Release 21.0, Agilent Technologies). The microarray was scanned using one color scan setting for 8X 60K array slides with a G2505C Agilent DNA microarray scanner. Images were extracted with Feature Extraction Software 10.7.3.1 (Agilent Technologies).

Data analysis
-------------

The gene expression data were normalized by per-chip normalization and per-gene normalization using GeneSpring GX (Agilent Technologies). For per-chip normalization, all expression data on a chip were normalized to the 25th and 75th percentiles of all values on that chip. For per-gene normalization, the data for a given gene were normalized to the median expression level of that gene across all samples. The normalized data were subjected to statistical analysis for comparisons between the control (non-ligamentous, n=10) and hypertrophied LF (ligamentous, n=10) groups, and the differentially expressed entities were extracted by Welch\'s *t*-test (cutoff, p\<0.05). To extract the entities that exhibited an age- or LSAR-related pattern, correlation analysis using all samples analyzed (n=20) was performed by Spearman\'s rank correlation test (cutoff 0.4\<\|r~s~\|) with Bonferroni correction using GeneSpring software. In this study, Spearman\'s rank correlation test was applied for all correlation analyses, unless otherwise noted. For pathway analysis, the targets of the differentially expressed miRNAs were extracted by GeneSpring according to TargetScan (cutoff, p\<0,01). The targets (483 genes) were analyzed with Ingenuity Pathway Analysis (IPA, QIAGEN). The p-values of the pathway analysis were calculated by IPA.

Results
=======

Ratio of LF to spinal canal CSAs
--------------------------------

As shown in [Table 2](#t002){ref-type="table"}, the mean CSA of the LF, but not the mean CSA of the spinal canal, at the most severely stenosed part of the spine was significantly increased in the ligamentous stenosis group (121.90±31.91 *vs* 60.26±16.71, p=0.000102). The LSAR was significantly higher in the ligamentous stenosis group (0.662±0.154 *vs* 0.301±0.068, p=0.0000171). The age difference between the groups was not statistically significant (75.70±4.83 *vs* 70.70±10.98, p=0.211).

Age-related expression of miRNA
-------------------------------

The miRNAs with expression levels that were significantly correlated to donor age were miR-29c-3p (r~s~=0.561, p\<0.05), miR-595 (r~s~=0.507, p\<0.05), miR-663b (r~s~=0.563, p\<0.05), miR-1290 (r~s~=-0.543, p\<0.05), and miR-223-3p (r~s~=0.463, p\<0.05).

miRNAs correlated to the area ratio
-----------------------------------

Differentially expressed miRNAs between the hypertrophied LF and control LF groups were extracted and are shown in [Table 3](#t003){ref-type="table"}. Ten miRNAs showed significantly altered expression between groups (p\<0.05): the expression levels of nine miRNA were decreased in the hypertrophied ligaments, and the expression level of one miRNA was increased. The heatmap of the expression values is shown in [Fig. 1](#g001){ref-type="fig"}. The Spearman\'s rank test was applied for correlation analysis to the LSAR. Among the differentially expressed miRNAs ([Table 3](#t003){ref-type="table"}), miR-423-5p (r~s~=-0.473, p\<0.05), miR-4306 (r~s~=-0.628, p\<0.01), miR-516b-5p (r~s~=-0.629, p\<0.01), and miR-497-5p (r~s~=0.461, p\<0.05) were also correlated to the LSAR.

###### 

Differentially Expressed miRNAs.

  miRNA species   Regulation   Fold Change   p value
  --------------- ------------ ------------- ---------
  miR-1228-3p     Down         -1.26         0.04318
  miR-1237        Down         -5.38         0.02298
  miR-30c-2-3p    Down         -1.21         0.02649
  miR-423-5p      Down         -1.18         0.00510
  miR-4306        Down         -1.26         0.00464
  miR-483-5p      Down         -1.31         0.02848
  miR-497-5p      Up           1.51          0.03140
  miR-514b-5p     Down         -1.24         0.02212
  miR-516b-5p     Down         -5.26         0.00392
  miR-765         Down         -1.36         0.00950

Regulation and fold change indicate the comparison of ligamentous group to control group.

![Heatmap of the differentially expressed miRNA. The sample names (Ligamentous group, L1-L10; control group, N1-N10) correspond to Table 1. The hierarchical clustering of the samples was conducted by Euclidean measurement and Ward's method for linkage using normalized intensity values.](2432-261X-1-0211-g001){#g001}

Pathway analysis
----------------

The signature of the miRNAs for ligament hypertrophy, listed in [Table 3](#t003){ref-type="table"}, was applied to pathway analysis to identify the molecular networks involved in LF hypertrophy. The canonical pathways were predicted as those involved in LF hypertrophy ([Table 4](#t004){ref-type="table"}); four pathways were statistically significant (p\<0.01). Among them, aryl hydrocarbon receptor (AHR) signaling and Wnt/β-catenin signaling were shown as networks with interacting molecules involved in the pathways, and the miRNA signatures were extracted, as shown in [Fig. 2](#g002){ref-type="fig"}. Insulin receptor signaling was also extracted as a canonical pathway with mild significance (p\<0.05).

###### 

Predicted Pathways Involving the miRNA.

  Canonical pathways                             p value
  ---------------------------------------------- ----------
  Aryl hydrocarbon receptor signaling            0.000776
  Pentose phosphate pathway (oxidative branch)   0.00278
  Wnt/β-catenin signaling                        0.00361
  GADD45 signaling                               0.00774
  Insulin receptor signaling                     0.0106

![Canonical pathways involved in LF hypertrophy predicted by miRNA signature. A, AHR signaling. B, Wnt/β-catenin signaling. C, Insulin receptor signaling. The estimated network through IPA on the target genes of the miRNA signature for LF hypertrophy listed in Table 3. Genes/miRNA directly (solid arrow) and indirectly (broken arrow) interacted with them.](2432-261X-1-0211-g002){#g002}

Discussion
==========

The number of comprehensive 'omics' studies to elucidate the molecular pathology of LF degenerative hypertrophy in LSS patients has been increasing^[@B7],[@B14],[@B15])^. In these cases, LF samples from LDH patients, for which the age group is often younger than that of patients with LSS, were used as controls. Several studies have been reported that the thickness of the LF is associated with age^[@B16]-[@B19])^. In fact, the area ratio was associated to age (r~s~=0.548, p=0.012) in the present subjects (n=20), and age-related miRNA expression patterns were also identified in this study. Using the novel classification system proposed by Sakai *et al*., the pathogenic LF hypertrophy among LSS patients could be selected by defining ligamentous stenosis^[@B13])^. Moreover, the non-hypertrophied LF could also be obtained from elderly patients of a similar age group to the LSS group with pathogenic LF hypertrophy. In addition to the diagnostic significance of the classification^[@B13])^, the morphometric parameter LSAR is a candidate quantitative clinical marker for molecular profiling to study the molecular mechanism of LF hypertrophy.

The age-related miRNAs were extracted with mild significance (p\<0.05), and differentially expressed miRNAs between patients with hypertrophied and non-hypertrophied LF were identified. These miRNAs were not overlapping, suggesting that age-related thickening and pathological hypertrophy of the LF may have distinct molecular pathologies. Recently, the miRNA species involved in LF hypertrophy have been reported. Chen *et al*. compared LSS and LDH samples and showed that the level of miR-155 in the LF was associated with LF thickness (r=0.958, p\<0.01), and the mRNA and protein expression levels of type I and III collagen were increased^[@B20])^. Xu *et al*. employed a microarray technique to samples from patients with LSS and LDH, miR-221, whose expression level was increased in the LF from patients with LSS, regulates LF hypertrophy by suppressing TIMP2, which inhibits the degradation of type I and III collagen, and consequently increases the amount of these collagens^[@B7])^. In this study, neither these miRNAs were extracted as those significantly related to LF hypertrophy; however, miR-29c and miR-223, which were identified as age-related miRNAs in this study, were also listed as differentially expressed miRNAs by Xu *et al*^[@B7])^. This difference is possibly due to the selection of control samples, but further analysis is required for a detailed explanation.

It is widely accepted that fibrotic alteration is a major event in the development of LF hypertrophy^[@B3])^. Only miR-497-5p was identified to be increased in the hypertrophied LF and was correlated positively to the LSAR. It was recently described that miR-497-5p induced myofibroblast differentiation of lung resident mesenchymal stem cells resulting in pulmonary fibrosis^[@B21])^. Cells with a myofibroblastic nature in the LF may be involved in the hypertrophy^[@B22])^, thus suggesting that miR-497-5p possibly plays a role in hypertrophy via the promotion of myofibroblast in LF. It has been reported that miR-4306 was significantly decreased in the sclerotic samples of patients with arteriosclerosis obliterans, characterized by fibrosis of the tunica intima^[@B23])^. Thus, these miRNAs may also play a role in the fibrotic change of LF. Although other miRNAs, miR-423-5p and miR516b-5p, which were also extracted as those expressed related to LSAR, are potentially involved in the degenerative hypertrophy, the functional information related to the pathology have not been available at this time. Further functional analyses of these four miRNAs are required to demonstrate direct implication in LF hypertrophy.

The canonical pathways that these miRNAs are potentially involved in were predicted by IPA. AHR signaling is triggered by the activation of AHR, which is an intracellular receptor-type transcription factor responsible for the induction of enzymes in drug metabolism and is involved in immune responses and cell cycle control^[@B24],[@B25])^. Among the major ligands for AHR is tetrachlorodibenzodioxin (TCDD), which is elevated in the serum by smoking. Ligand-evoked AHR signaling modulates inflammation and is possibly associated with atherosclerosis development^[@B26],[@B27])^. In addition, ligand-independent action of AHR signaling has also been demonstrated, and thus the regulatory function of AHR signaling is widespread in various biological and pathological conditions^[@B28],[@B29])^. *Ahr* knockout mice exhibited liver fibrosis and ligand-independent down-regulation of TGFβ1 expression is thought to be involved in the pathogenesis^[@B30],[@B31])^. Wnt/β-catenin signaling also plays pleiotropic roles in developmental, physiological, and pathological situations; *e.g.,* regulation of the bone accrual and integrity of the articular joints^[@B32],[@B33])^. Cyclic strain induced β-catenin signaling has been reported in cultured LF cells from patient with ossification of the LF^[@B34])^. Although it was less statistically significant, insulin receptor signaling was extracted as the hypertrophy-related pathway, suggesting that the alteration of the signaling, such as insulin resistance, which is often associated with common diseases and/or age-related disorders, may contribute to hypertrophy^[@B35])^. Pentose phosphate and GADD45 signaling pathways have been described to be involved in oxidative stress response and inflammation^[@B36],[@B37])^. These pathways have not been described in the context of LF hypertrophy but are attractive points of views from which to study LF hypertrophy.

Interestingly, TGFβ1 is involved in both the AHR and Wnt/β-catenin pathways^[@B38]-[@B41])^. TGFβ is known as a major regulator of tissue fibrosis and has also been suggested to play important roles in LF hypertrophy^[@B42])^. In general, tissue fibrosis is a complex consequence of inflammation^[@B42])^. Although the age-related decline of tissue homeostasis, such as the loss of elastic fibers in the LF, showed fibrotic alteration, it is suggested that inflammation-induced TGFβ signaling acts specifically on hypertrophy^[@B3],[@B43])^. Moreover, it is known that senescent cells are present in most aged tissues, and the secretion of pro-inflammatory cytokines and chemokines is a characteristic of senescent cells, representing the so-called senescence associated secretory phenotype^[@B44],[@B45])^. Saito *et al*. recently demonstrated that both mechanical stress and macrophage infiltration are involved in the development of severe hypertrophy in the LF in a mouse model^[@B43])^. Long-term mechanical stress reduced the integrity of elastic fibers in the mouse LF with no substantial increase of TGFβ1 expression; however, macrophage infiltration could induce TGFβ1 expression in the LF tissues. It is therefore conceivable that the age-related histological alteration of the LF and the signals or events to directly promote the hypertrophy may be distinct mechanisms that are nevertheless collaboratively involved in LF hypertrophy.

The main limitations of the present study are centered on the minimal number of samples used for profiling and a lack of the validation by histological analyses. The pathology of the hypertrophied LF is not uniform but rather a complex pathology of the degenerative changes, such as loss of elastic fibers, accumulation of a collagenous matrix, increased vascularization, and appearance of chondrometaplasia^[@B3])^. Increasing the number of the samples or adopting a focal approach such as microdissection-based sampling, as well as manipulation into useful models, may be required for further validation. Nevertheless, this study provides new insight into the morphometric parameter and potential pathways that may regulate hypertrophy of the LF.
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